Millimeter-wave magnetoelectric interactions have been studied through electric field effects on magnetic excitations in bilayers of single crystal barium ferrite and lead zirconate titanate ͑PZT͒. An electric field E produces a mechanical deformation in PZT, resulting in a shift ␦f in the frequency for electromagnetic modes in the ferrite. Reflected power versus frequency profiles at 40-55 GHz for a series of bias magnetic field and E =0-10 kV/cm along the c axis of the ferrite showed an increase in ␦f to a maximum of 8 MHz. Ferrite-piezoelectric heterostructures are ideal for studies on wide-band magnetoelectric interactions between the magnetic and electric subsystems that are mediated by mechanical forces. Such structures show a variety of magnetoelectric phenomena including giant low-frequency magnetoelectric ͑ME͒ effects and resonance enhancement of ME coupling at electromechanical and magnetoacoustic resonance. [1][2][3][4][5][6] [7] This work is concerned with ME coupling when the magnetic subsystem shows resonance behavior. The specific focus is on ME effects when electromagnetic modes close to ferromagnetic resonance ͑FMR͒ are excited in the ferrite. In the presence of an electric field, the piezoelectric deformation in the bilayer will manifest as an internal magnetic field in the ferrite. 8, 9 Thus the strength of ME interactions in ferritepiezoelectric bilayers can be measured through electric field assisted field or frequency shifts for the high frequency excitations in the ferrite.
Ferrite-piezoelectric heterostructures are ideal for studies on wide-band magnetoelectric interactions between the magnetic and electric subsystems that are mediated by mechanical forces. Such structures show a variety of magnetoelectric phenomena including giant low-frequency magnetoelectric ͑ME͒ effects and resonance enhancement of ME coupling at electromechanical and magnetoacoustic resonance. [1] [2] [3] [4] [5] [6] [7] This work is concerned with ME coupling when the magnetic subsystem shows resonance behavior. The specific focus is on ME effects when electromagnetic modes close to ferromagnetic resonance ͑FMR͒ are excited in the ferrite. In the presence of an electric field, the piezoelectric deformation in the bilayer will manifest as an internal magnetic field in the ferrite. 8, 9 Thus the strength of ME interactions in ferritepiezoelectric bilayers can be measured through electric field assisted field or frequency shifts for the high frequency excitations in the ferrite.
Barium hexaferrite BaFe 12 O 19 with M-type structure ͑BaM͒ and piezoelectric bilayers are appropriate for studies on millimeter-wave ME interactions. Since BaM has the desired high uniaxial anisotropy fields H A , FMR, and magnetic excitations can be observed at nominal external field H 0 . For BaM with H A = 17 kOe and saturation magnetization 4M = 4.8 kG, FMR is expected in the frequency range of 47-60 GHz for external fields H 0 =5-9 kOe. The condition for FMR, for H 0 perpendicular to the plane of a BaM disk and along the c axis, is given by
where ␥ = 2.8 GHz/ kOe is the gyrmagnetic ratio. For saturated state when H 0 Ͼ 4M, f 0 Ͼ 47 GHz. For an electric field E applied to ferrite/piezoelectric bilayer, the piezoelectric deformation is equivalent to the effect of magnetostriction on FMR, leading to an internal magnetic field ␦H = AE, where A is the ME coupling constant. According to Ref. 9 , ME effects at FMR can be taken into account by
This study is concerned with the measurement of the ME constant A for BaM lead zirconate titanate ͑PZT͒ bilayers through electric field induced frequency shift ␦f = ␥AE = ␥␦H in magnetic excitations and comparison with theory.
Studies were performed on bilayers of single crystal BaM prepared by floating zone method and polycrystalline PZT. The measurement cell is shown in Fig. 1 and consists of a coaxial-to-͑WR-17͒ waveguide adapter. The bilayer was prepared from a BaM single crystal plate of dimensions of 4.8ϫ 2.4ϫ 0.185 mm 3 so that it could be placed inside the waveguide section of the adapter. The ferrite was bonded to PZT with a fast dry epoxy. The silver electrode at the BaM-PZT interface acted as a classical short load of the waveguide. The measurement cell was placed between the pole pieces of a 1.5 T electromagnet. Studies were performed with E and H 0 perpendicular to the bilayer plane and parallel to the magnetic easy axis of BaM. A vector network analyzer ͑Agilent-PNA-E8361A͒ was used for data on scattering matrix element S 11 vs f for a series of H 0 and for E =0-10 kV/cm. Figure 2 shows representative data on S 11 vs f. One observes a series of absorption peaks for H 0 = 5980 Oe and E = 0 that are identified as electromagnetic modes in BaM. 10, 11 Since the relative permittivity of the ferrite is on the order of 10 and that the silver electrode at BaM-PZT interface acts as a waveguide short, the dielectric and magnetostatic modes of the ferrite are hybridized at the millimeter-wave band. Due to the specific H orientation, i.e., perpendicular to the sample plane, magnetostatic forward volume waves are hybridized with dielectric modes. 10 The modes have discrete plane wave peaks labeled 1-4 are identified as ͑1,1͒, ͑3,1͒, ͑1,3͒, and ͑5,1͒ modes. As indicated in the figure, the frequencies of the first three modes in the ferrite slab are smaller than the FMR frequency 0 . The mode having a frequency close to 0 and a sharp absorption dip, the ͑3,1͒ mode that is labeled 2 in Fig. 2 , was selected for studies on ME coupling. The mode shows a 3 dB linewidth of 1 MHz that correspond to a quality factor Q =5ϫ 10 4 . The electric field effects on absorption profiles for the mode of interest are shown in Fig. 3 . One notices an upshift in the mode frequency with the application of E. Two significant changes are observed as E is increased from 0 to 8 kV/ cm; a frequency shift of 4 MHz and an increase in absorption by 10-20 dB. The E-induced shift ␦f is much higher than the width of the excitation. Figure 4 shows data on the E dependence of ␦f obtained for a bilayer with a ferrite thickness of 95 m. Hysteresis and remanence are seen in the figure and the variation in ␦f with E tracks the dependence of the piezoelectric deformation on E in PZT. A maximum shift of 8 MHz is measured for E = ± 10 kV/ cm. Thus the ME coupling constant A = ␦f / E = 0.8 MHz cm/ kV and must be compared with A =3-15 MHz cm/kV for single crystal yttrium iron garnet ͑YIG͒ lead magnesium niobate lead titanate ͑PMN-PT͒ bilayers and 1 MHz cm/ kV for bulk composites of 95% YIG and 5% PZT. 8 The data in Figs. 3 and 4 constitute the first demonstration of electrical tunability of millimeter-wave electromagnetic mode frequencies and their attenuation in BaM. These effects are due to the influence of mechanical deformation on resonant frequencies of the modes via magnetostriction. The effect can be estimated by first considering the magnetostriction contribution to magnetic anisotropy energy,
where is magnetostriction constant, is tension ͑compres-sion͒, and ␣ z is cosine of the angle between tension ͑com-pression͒ and direction of magnetization. According to the Hook's law, = Y⌬s / s, where Y is Young's modulus and ⌬s / s is the tensile strain of the ferrite layer. The magnetostriction contribution to the anisotropy field can, therefore, be written as
For barium ferrite Ϸ −1.5ϫ 10 −5 , 13 M = 375 G, Y Ϸ 1.3 ϫ 10 12 dynes/ cm 2 , and maximum value ⌬s / s Ϸ 5 ϫ 10 −4 , which is same as the value for PZT for E = 10 kV/ cm, ␣ z Ϸ 1, one obtains a maximum value of ␦H A Ϸ 80 Oe. This enhancement in the anisotropy field is substantial and is as strong as anisotropy due to film-substrate lattice mismatch in magnetic oxides. 14, 15 The estimated anisotropy and shift in resonance field is two orders of magnitude higher than the theoretical estimates for YIG-PZT. 9 The calculated field shift corresponds to a ME coupling coefficient A = 22 MHz cm/ kV for BaM-PZT. Although the measured A value of 0.8 MHz cm/ kV for BaM-PZT is quite small compared to the theoretical estimates, it compares favorably with measured values for YIG-PZT and YIG/PMN-PT. In conclusion, evidence for millimeter-wave magnetoelectric coupling is observed in bilayers of single crystal BaM and polycrystalline PZT. In conclusion, evidence for millimeter-wave magnetoelectric coupling is observed in bilayers of single crystal BaM and polycrystalline PZT. 
152508-2
Srinivasan, Zavislyak, and Tatarenko Appl. Phys. Lett. 89, 152508 ͑2006͒
